I. Introduction
Magnesium and magnesium oxide (neutral and ionic) are of great importance for combustion 1 and atmospheric and planetary chemistry, 2, 3 where they are involved in a multitude of ionmolecule reactions. Indeed, Mg is among the most abundant cosmic metals and it is a major constituent of chondritic meteorites. 4, 5 In Earth's atmosphere, the Mg + cation is 4 to 12 times more abundant than neutral Mg. 6, 7 Magnesium in the upper portions of Earth's atmosphere is provided by meteoritic ablation, where it is present as atomic and ionized Mg 2+ , especially in the ionosphere. Mg 2+ travelling through the lower atmosphere layers should react, at least with O, and contribute to the increase in the Mg + /Mg ratio. Several scenarios were proposed to explain the unusual Mg + /Mg ratio based on ion-molecule charge transfer reactions. 8 As explained in ref. ). For the electronic calculations, we described the magnesium and the oxygen atoms with the aug-cc-pV5Z basis set. [25] [26] [27] [28] This results in 258 contracted Gaussian functions. These calculations were performed using the complete active space self-consistent field (CASSCF) approach, 29, 30 followed by the internally contracted multi-reference configuration interaction (MRCI) 31 . In total, we computed two S + , one P, and one D singlet states; two S À , two P, and one D triplets; and one 5 S À state. Finally, the radial and rotational couplings between the lowest electronic states were evaluated at the MRCI level. The spin-orbit coupling matrix elements in Cartesian coordinates were computed, where the MRCI wavefunctions were used as the multi-electron basis for the two-step spin-orbit coupling calculation 34, 35 at the level of Breit-Pauli Hamiltonian. 36 For the bound electronic states, the rovibrational energies were obtained using either the force field and second order perturbation theory or a variational treatment to solve the onedimensional Schrödinger equation for the nuclear motion problem. 37, 38 We deduced a set of spectroscopic constants for the bound states of MgO 2+ .
Dynamical calculations
The collision dynamics were performed using semi-classical and quantum methods in diabatic representation. Both of them were widely described elsewhere (see for instance ref. 39 for more details). For numerical semi-classical treatments, we used the EIKONXS program based on an efficient propagation method 40 for the direct reaction Mg
in a wide range of collision energies, from 1 eV to 10 3 eV. The coupled equations have been solved with a step size such that an accuracy of 10 À4 for the symmetry of the S matrix is achieved with the origin of electronic coordinates at the centre-of-mass of the collision system. However, the approximation of a straight-line trajectory for the nucleus motion, used in semi-classical approaches, may be questionable at low collision energies. Indeed, the approximation of a classical motion for the nucleus requires that the wavelength l associated with the nuclear motion remains small compared with the size of the interacting region. A quantum wave packet propagation treatment has thus been developed at lower collision energies in the eV range. The collision matrix elements are extracted from wave packets by the flux method with a complex absorbing potential. 39, 41 A priori, semi-classical approaches are only valid for incident energies greater than a few eV amu
À1
. 42 Nevertheless, the comparison of time-dependent quantal wave packet and semi-classical approaches for charge transfer processes showed that the latter approach may be extended to lower collision energies with acceptable accuracies. 39 The rate constants k(T) were then calculated for a series of temperatures by averaging the corresponding cross sections s(E) over a Maxwellian velocity distribution at temperature T: Table 2 ). The nature of the wavefunction of this electronic state changes drastically at the avoided crossing with the upper 2 3 S À state (Fig. 2) .
Indeed, it is dominantly described by the (5s) Table 1 Equilibrium distances (R e , in bohr) and dominant electronic configurations of the MgO 2+ electronic states correlating to the four lowest dissociation limits. T a (in eV) corresponds to the MRCI adiabatic excitation energy including the zero point vibrational correction at the anharmonic level. We give in parentheses the leading CI coefficient in the CASSCF wavefunction. D e (in eV) is calculated as the difference between the energy of the electronic state at equilibrium and the energy at the maximum of the potential barrier (cf. Fig. 2 Fig. 2 displays the radial coupling between these two states. As can be seen there, the coupling is non-zero only at the region of the crossing. The X 3 S À , 2 3 S À and 1 3 P states are also coupled by spin-orbit and via rotational couplings. The corresponding spin-orbit and rotational integrals are displayed in Fig. 4 i gives a priori non-zero contribution. Nevertheless, this matrix element is evaluated close to zero at this crossing (Fig. 5) . Therefore, the quintet state has no role in the charge transfer reactions of interest. Table 2 gives a set of spectroscopic constants for the ground state X 1 S + of MgO and for the bound electronic states of MgO 2+ .
Spectroscopy
This includes the harmonic wavenumbers (o e ), the anharmonic terms (o e x e , o e y e ) and the rotational constants (B e , a e ). The spectroscopic constants are deduced from the derivatives of the potentials at their respective minima using the Dunham expansion term implemented in the Numerov algorithm. 37 For MgO, our calculated MRCI equilibrium distance is R e (MgO, X 1 S + ) = 1.763 Å. Using the coupled clusters approach, we obtain 1.755 Å. These values agree with the experimental value of 1.749 Å given in ref. 17 . A good agreement is also obtained for the MgO harmonic wavenumber (o e ) using MRCI since our value differs by about 5 cm À1 from the experimental value ( Table 2 ).
The anharmonic terms (o e x e , o e y e ) and the rotational constants (B e , a e ) show reasonable agreement with experiment. For the electronic states of the MgO 2+ dication (Table 2) , our data are predictive in nature and should be of similar precision as discussed for the neutral MgO molecule. The energies of the vibrational levels that could be supported by each bound electronic state can be deduced using the spectroscopic constants given in Table 2 . Fig. 5 displays the h1 3 P|H SO |1 3 Pi spin-orbit diagonal term evolution along the internuclear distance. This allows deducing the spin-orbit constant at equilibrium A e,SO (1 3 P) of this state.
This quantity is equal to the h1 3 P|H SO |1 3 Pi integral evaluated at the equilibrium distance of this electronic state. We compute A e,SO (1 3 P) = 77.5 cm À1 . According to the wide discussion on the spin-orbit computations of MgO 17 and MgO + (ref. 18) using our methodology and the comparison of our data to the experimental ones, we expect that A e,SO (1 3 P) is accurate within 5%.
IV. Cross sections
Spin-orbit coupling being negligible in the energy range of interest, the electron spin can be assumed to be conserved during the collision process. For the present system, the charge transfer is thus driven only by triplet states. 1 3 since the 1 3 P + -X 3 S À transition gives no contribution to this charge transfer process. The partial and total cross sections are displayed in Fig. 6 . Both quantum and semi-classical treatments lead to similar values for the cross sections for collision energies in the centreof-mass (ECM) higher than B20-30 eV. This result is in quite good agreement with previous work on the C + + S collision system. 39 For ECM o 20 eV, the semi-classical treatment cannot reproduce the trajectory effects, and distinct cross section evolutions are of course observables, in particular for the charge transfer cross sections. The cross sections s 21 and s 31 exhibit indeed an increase for decreasing collision energies in the quantum approach, which cannot be reproduced by a semi-classical treatment. The cross sections between the 2 3 S À and 1 3 P À levels corresponding to the Mg 2+ ( 1 S g ) + O( 3 P g ) entry channel are however in quite good agreement, even at very low energies. Anyway, the rate coefficients are computed from the total charge transfer cross sections, taking into account the quantum charge transfer cross sections at lower collision energies, completed by the semi-classical values for ECM > 20 eV. We compute a very regular variation of the charge transfer rate coefficients as shown in Table 3 , which presents the rate constants in the 50 r T r 10 000 K range. At T = 50 K, the rate constant is B0.39 Â 10 À12 cm 3 s
À1
, which increases to 0.35 Â 10 À11 cm 3 s À1 at T = 10 000 K. 58 where these processes may occur at even higher altitudes (around 600-700 km).
V. Atmospheric implications

VI. Conclusions
High-quality ab initio potential energy curves for the lowest electronic states of the MgO 2+ dication have been performed.
Our theoretical results confirm the observation of the long-lived metastable dication MgO 2+ in the experiment by Franzreb and Williams (see the mass spectrum in Fig. 1 ). Using these potentials we have deduced a set of accurate spectroscopic data for this dication. Our theoretical results should be useful in guiding future experimental spectroscopic work and its interpretation. The spectroscopy of this dication in gas phase can be, for instance, investigated using standard spectroscopic techniques, such as the Threshold Photoelectrons Coincidence (TPEsCO) method [59] [60] [61] [62] or the time-of-flight photoelectron photoelectron coincidence (TOF-PEPECO) technique. 63 In addition, we computed the spin-orbit, rotational and radial couplings between the lowest MgO 2+ electronic states. 
